Water vapour is an important component in the radiative balance of the polar atmosphere. We present a study covering fifteen years of data of tropospheric humidity profiles measured with standard radiosondes at Ny-Ålesund (78 • 55 ′ N 11 • 52 ′ E) during the period from 1991 to 2006. It is well-known that relative humidity measurements are less reliable at low temperatures when measured with standard radiosondes. The data was corrected for errors and used to determine key characteristic features of the vertical and temporal relative humidity evolution in the Arctic troposphere over Ny-Ålesund. We present frequencies of occurrence of ice-supersaturation layers in the troposphere, their vertical span, temperature and statistical distribution. Supersaturation with respect to ice shows a clear seasonal behaviour. In winter, (October-February) it occurred in 19% of all cases and less frequently in spring (March-May 12%), and summer (June-September, 9%). Finally, the results are compared with findings from the SAGE II satellite instrument on subvisible clouds.
Introduction
Climatological data sets of water vapour distribution in the troposphere for low and mid-latitudes have been produced through the use of diverse data sources, including radiosondes and satellite instruments. However, there is no similarly comprehensive water vapour data set for high latitudes. Data from nadir-viewing satellite-based instruments are of lower quality at high latitudes due to bright ice surfaces and the generally dry Arctic conditions (Bates and Jackson, 2001; Randel et al., 1996) . Radiosondes, which are the standard Correspondence to: R. Treffeisen (renate.treffeisen@awi.de) instrument for in situ measurement of tropospheric water vapour are limited by the widely space locations from which they are launched in the Arctic. In addiction, the accuracy and reliability of radiosonde relative humidity (RH) measurements decrease as the water vapour concentration, temperature, or pressure decreases (Elliott and Gaffen, 1991) ; radiosondes tend to underestimate water vapour at low temperatures. Miloshevich et al. (2001) showed that the Vaisala RS80-A radiosonde exhibits a strong bias toward low relative humidity values at low temperatures. Radiosonde RH measurements in the stratosphere are considered to be essentially useless (WMO, 1996; Schmidlin and Ivanov, 1998) , in part because uncertainty in measurement generally exceeds typical stratospheric humidity values. So, like spaceborne instruments, radiosonde data is limited by the typically cold and dry Arctic environment.
Even with their limitations, radiosondes provide crucial water vapour data set for the Arctic free troposphere and they are of vital importance to climate research as water vapour has a major influence on radiative transfer in this region.
Cirrus clouds are widely recognised as a major component in energy budget regulation of the Earth-atmosphere system (Liou, 1986 ), yet despite considerable efforts to quantify it, the magnitude of cirrus climate forcing remains highly uncertain (Stephens et al., 1990; Baker, 1997) . It has been estimated that cirrus clouds cover about 30% of the Earth's surface (Wylie et al., 1994) . SAGE II extinction observations of zonally-averaged frequencies of occurrence of the optically thin clouds known as subvisible cirrus (SVC) clouds are given by for latitudes ranging from 60 • S to 60 • N. Six years of data clearly demonstrated the existence of such clouds in this entire latitude band, both above and below the average tropopause location, with a frequency occurrence maximum in the tropics. Murphy et al. (1990) , Published by Copernicus Publications on behalf of the European Geosciences Union. 2722 R. Treffeisen et al.: Humidity observations in the Arctic troposphere over Ny-Ålesund in their analysis of aircraft data in the winter-time Arctic, showed that ice saturation was not uncommon within 2 km of the tropopause suggesting that the presence of subvisible cirrus in the Arctic may be similarly common.
In this paper we present an analysis of a unique, long-term dataset of humidity profiles inferred from routine radiosonde measurements carried out in Ny-Ålesund, Svalbard. The goal of this study is: (1) to achieve a statistical presentation of the vertical and temporal distribution of the humidity above this high latitude Arctic location; (2) to determine potential layers for the formation of high level ice clouds based on soundings and derive information about the geometry (height and depth) of these layers and to evaluate the results; and (3) to compare the results obtained to long-term SAGE II measurements of subvisible clouds.
Data description
In this study we will make use of the radiosonde data and of measurements of subvisible clouds from satellite data. These two sets of data are introduced below.
RH measurements from routine radiosonde data
Vaisala radiosondes have been routinely launched from NyAlesund (78 • 55 ′ N 11 • 52 ′ E) since October 1991. In this study we have used data from the period mid-October 1991 through December 2006. The radiosondes are launched daily at 11 a.m. UTC. Occasionally, during special programs, multiple radiosonde launches are made per day. Altogether 5718 profiles were analysed during the period 1991 to 2006. We averaged these profiles after correction into 200 m steps and considered data up to 2 km above the interfered tropopause height (RH measurements from radiosondes are highly unreliable in the stratosphere and not within the scope of this study, see Sect. 3 for details). The tropopause height from the radiosondes was determined by the WMO standard method (WMO, 1996) . RS80 measurements are affected by sensor icing, where a coating of ice can form on the sensor in liquid water, and to a lesser extent by prolonged ice-supersaturated conditions, sometimes causing the measurements to remain near ice-saturation up to the stratosphere (Miloshevich et al., 2001) . Therefore, soundings were rejected if the mean RH between 3 km and 7 km above the tropopause is greater than 9% (mean plus 1 sigma).
The radiosondes provide profiles of temperature, relative humidity, wind speed and wind direction. The principle of humidity measurement of Vaisala Humicap sensor is based on properties of a thin humidity sensitive polymer film placed between two electrodes. The film either absorbs or desorbs water vapour as the relative humidity changes. The dielectric properties of the polymer film depend on the water content, causing the dielectric properties of film and hence the capacitance of the sensor to change. The electronics of the instrument measure the capacitance of the sensor and convert it to a humidity reading (http://www.vaisala.com/). RS80-A radiosondes were used before July 2002. The RS90s were operated between July 2002 and summer 2005 when the use of radiosonde type RS92 was initiated. The RS90 and RS92 use the same humidity sensor consisting of two heated humidity sensors (Humicap) operating in phase. While one sensor is taking a measurement, the other sensor is heated to prevent ice formation. During the transition from RS80-A to RS90 radiosondes both types were launched simultaneously on 12 occasions in March and April 2000. These data, as described in the following section, were used for quality assurance of the correction procedure.
The radiosondes undergo a standard calibration and preflight check according to the Vaisala manufacturer's specification and international standards for radiosonde launches. In addition, a dedicated ground check (GC) device is used, which allows an operator to enter an RH correction prior to launch, based on the radiosonde measurement at 0% RH in a container of desiccant and the ambient temperature. The desiccant is regularly checked and replaced in order to ensure the quality of the GC. The GC was used to reject sondes if the RH difference was more than 7% and the stability was greater than 1% otherwise the GC was used to apply a calibration adjustment to the data with the Vaisala routines. This prevents the launch of faulty radiosondes and the functionality of temperature and relative humidity output is controlled. It was found that the longer the radisondes are stored, the more likely the baseline check shows a malfunction of the radiosonde. The radiosondes in Ny-Ålesund are normally stored up to a maximum of one year. Apart from the standard GC of the radiosonde, an additional check of the humidity sensor is performed in a chamber with 100% humidity. The entire sounding equipment is stored at temperatures between 15-20 • C. Balloons are heated for at least 24 h prior to launch in an oven at about 50 • C.
Sub-visible cloud detection from SAGE II satellite
The SAGE II data (version 6.2.) provide a cloud identification product, which has been applied in various previous studies (Kent et al., 1993; Wang et al., 1994 Wang et al., , 1995 . In these studies, the capacity of SAGE II observations to infer the presence and variability of clouds in the mid and upper troposphere was demonstrated. Generally, clouds sensed by SAGE II instruments can be grouped into two SAGE-specific categories (opaque and subvisible clouds) according to the extinction observed at 1.02 µm . The SAGE II data from March to September for latitudes north of 60 • (1985-1990 and 1996-2004) were used for this study (see for details, Treffeisen et al., 2006) .
Correction of relative humidity data from radiosondes

Background
Relative humidity obtained from radiosondes is traditionally viewed with suspicion below −40 • C. The newer generations of radiosondes perform better in the upper troposphere than their predecessors, though they still do not perform well in the stratosphere. Figure 1 depicts the original RH measurements obtained at Ny-Ålesund by the different radiosondes. The data strongly suggest measured humidity values being far too low with the RS80-A relative humidity measurements rarely reaching ice saturation at temperatures below −40 • C. But the existence of high supersaturation with respect to ice in the middle and upper troposphere is well documented (e.g., Ovarlez et al., 2002) . When considering data derived from the newer radiosondes RS90 and RS92, supersaturation with respect to ice is clearly reached much more often over the same range of ambient temperatures. These results are not surprising since Miloshevich et al. (2001) showed a strong bias towards low humidity values at low temperatures for the Vaisala RS80-A radiosonde. He reported correction factors for the relative humidity of 1.3 at −35 • C, and 2.4 at −70 • C. As a result, we used well-established algorithms to correct the available relative humidity data at Ny-Ålesund as described in the following section. A period in which the RS80-A and RS90 sondes were launched together on the same balloon allow us to validate the correction and to estimate the most probably range of actual relative humidity.
RH data correction procedure
Although the Vaisala RH sensors are all subject to the same general source of measurement errors, the magnitude of error depends strongly on the sensor type. Experiments have been performed to understand and quantify the source of RH measurement errors in RS80-A and RS90 sensors (Miloshevich et al., 2001 (Miloshevich et al., , 2004 Wang et al., 2002) . These authors describe different sources of error for RH measurements and present empirically based methods to correct archived radiosonde data and quantify the importance of various errors in the data. We followed their approach to correct the three main types of errors presented in their papers, the contamination/calibration error, the temperature dependence, and the time lag effect. Firstly the contamination error and two errors resulting from the sensor calibration process were addressed. The RS80-A calibration function relating capacitance to RH at a fixed temperature, has limitations. (Buck 1981) and black solid line is the homogenous ice nucleation level from Koop et al. (2000) .
tamination problem with a sealed sensor cap. As no information about the age of an individual radiosonde was available, in this study we used a constant age of one year when calculating the age-dependence portion of the contamination correction. Radiosondes are normally not stored for more than one year at the station; therefore, our correction in this case will be an upper limit for this error which is small for the RS80-A series (see for details Wang et al., 2002) . No contamination correction has been determined for the RS90, because the error is thought to be much smaller due to the replacement of Styrofoam in the radiosonde construction by cardboard (Miloshevich et al., 2004) .
Secondly the data was corrected for the temperature dependent error by applying formula 4.5 from W02. The temperature-dependent error is not a limitation of the sensor but is a consequence of the data processing algorithm. The temperature-dependent coefficients delivered with the RS80-A assume a linear dependence on temperature, whereas approximation to the actual sensor dependence is significantly non-linear. The linear approximation leads to a temperaturedependent error that increases substantially for temperatures below −30 • C (Miloshevich et al., 2001) .
Finally, the time lag error was corrected using the algorithm developed by Miloshevich et al. (2004 hereinafter referred to as M04). At low temperatures, the sensor is unable to respond quickly to changes in the ambient RH, leading to a time-lag error that smoothes the RH profile and decreases the scale of details that are resolved. By using the sensor time constant as a function of temperature, the underlying structure of the RH profile can be partly recovered.
The magnitude and sign of the correction varies according to the vertical humidity and temperature structure of a given profile, because it is sensitive to the local humidity gradient as well as to the temperature. RS90 data was also corrected for mean calibration errors following the approach of 
Miloshevich et al. (2006 hereinafter referred to as M06
). This method involves time lag correction plus an empirical calibration correction that removes mean bias error relative to simultaneous measurements by the new hygrometer (Vömel et al., 2007) . As this comparison refers to nighttime soundings, it might be expected that daytime soundings in the summer will exhibit a solar dry bias, particularly those taken with a RS90. So our correction process is to apply corrections for contamination and calibration (W02), temperature dependence (W02) and time lag error (M04) to RS80-A data while only the time lag (W04) and calibration (M06) corrections are applied to data from the RS90 and RS92 sonde data. Miloshevich et al. (2001) presented another correction, which is a separate statistical approach that implicitly includes all sources of measurements error by removing the RS80-A mean bias relative to the NOAA hygrometer as a function of temperature. The formula used by Miloshevich et al. (2001, hereinafter referred to as M01) is a fourth-order polynomial and was applied separately to the RS80-A data for comparison purposes.
Comparison analysis
The correction algorithms have been evaluated by comparing 12 RH profiles measured simultaneously by RS80-A and RS90 radiosondes in March and April 2000. The profiles were corrected as described in the previous section. We have also evaluated the statistical correction produced by M01 for the RS80-A profiles. We used the corrected RS90 as reference for the comparison. Figure 2 shows the difference in relative humidity (%RH) for the RS80-A and RS90 instruments as a function of altitude and temperature. The mean absolute difference between the original RS80-A data and the corrected RS90 data can be as large as 15% (Fig. 2a) . Figure 2b shows that the difference is generally larger at lower temperatures. After correcting for the contamination, time-lag and time dependent errors the mean RH difference is substantially reduced for temperatures above −50 • C (Fig. 2b) . RH from the corrected RS80-A is generally around 5% RH lower in the lower and mid troposphere and 5% moister than RS90 in the upper troposphere (Fig. 2a) . The statistical correction using M01 for the RS80-A reduces the difference for the temperature range between −10 • C to −40 • C but produces too high values at lower temperatures. This is probably due to the fact that the correction (M01) was derived from daytime RS80-A/NOAA comparisons when the sensor cap had been removed thus increasing the solar radiation error. Figure 3 shows a comparison of RH for all 12 combined flights from the RS80-A and RS90 for each altitude at which the reported temperature was less than −40 • C. Above −40 • C, the influence of the correction is small (not depicted here). It is clear that the corrections substantially reduce the bias between the two sensors and allows us to estimate corrected RH typically within 10% of the newer RS90 radiosonde. As we like to account for all the corrections and errors, we performed the following analysis for 200 m averaged data. 
Results and discussion
Mean relative humidity obtained from radiosonde data
In this section, an overview is given of the statistical properties of the entire corrected RH data set. The principle results and features of the whole data set are the same as those in the corresponding data subsets (RS80-A and RS90/RS92). Figure 4 illustrates the corrected and monthly averaged RH and RHi (RH with respect to ice) values as a function of altitude. It also indicates where the 50% coefficient of variation (CV) is exceeded. The CV measures the relative scatter in data with respect to the mean and is a measure of the variance of the data. The higher the percentage the more variable the data distribution is. Below 2 km we found CV of less than 20% while the greatest variation is found at higher altitudes. The CV of 50% almost follows the mean tropopause height.
There is also a region in the free troposphere that is characterised by high variability from June to September. Below 1 km the RH measurements reached their maximum mean averaged values in August of ∼80% RH compared to values of ∼64% RH in February and March; however, mean RHi shows a well pronounced vertical structure in the middle and upper troposphere and indicates a strong seasonal behaviour. Such seasonal behaviour is also reported from radiosondes and satellite data from Antarctica (Gettelman et al., 2006) . Figure 5 depicts the derived monthly mean water vapour content -as obtained by the radiosondes -as a function of altitude. There is a clear seasonal variation with higher mean water vapour contents in summer than in winter. If we take, for example, a mean water vapour content in the altitude range from 2 to 8 km, the value in January is about 80% less than in July. 
Frequency of ice supersaturation layers
Here we present an analysis of the occurrence of humid layers where the RH reached supersaturation with respect to ice (RHi is greater than 100%). The ice-supersaturation layers can be either potential layers for ice-supersaturated regions (clear air) or cirrus clouds. Based on our data averaging, in the following section, a so-called layer corresponds to 200 m. Given the measurement uncertainty (see results of Sect. 3.3), we consider any altitude at which the ice-supersaturation for RHi exceeds 100% (±10%) between 0 and 11 km to be saturated. Table 1 summarises the mean monthly percentage of supersaturated layers. The lower and upper limits take into account uncertainties in the measurements as described in Sect. 3.2. The standard deviation representing the inter-annual variation is also given as an indicator of the variability within the data. As expected, the use of different RHi thresholds changes the frequency of occurrence of ice-supersaturation layers but not the general temporal or spatial evolution. This gives us the confidence to restrict the further analysis to RHi layers greater than 100%. During the summer (June-September), the frequency of occurrence is approximately half that of the rest of the year. Ice-supersaturation is most frequent in winter (October-February; 19% of all 200 m layers up to 11 km), less frequent in spring (March-May; 12%) and summer (June-September; 9%). Overall, around 15% of all 200 m layers up to 2 km above the tropopause height showed supersaturation with respect to ice (RHi>100%). More than 50% of the profiles containing supersaturation layers showed more than one layer where RHi exceeds 100%. In Fig. 6 we analysed the occurrence of these layers with respect to the month of the year and altitude. The frequency of occurrence of the observed supersaturated layers follows a clear annual cycle. Figure 6 shows that saturation with respect to ice during autumn/winter time (October-February) is frequent in a broad upper tropospheric layer between ∼4 and 10 km. In summer, the layers saturated with respect to ice are less frequent and occur at higher altitudes generally between 7 and 9 km. A t-test was highly significant at p<10 −3 for the seasonal shift. Figure 6 also indicates that the ice-supersaturation tends to consistently track Monthly mean frequency of occurrence of icesupersaturation layers. The frequency of occurrence is defined here as the number of observations in a 200 m altitude range where RH with respect to ice is greater than 100% divided by the total number of observations for this altitude range. Dashed line represents the mean tropopause height determined using the WMO's definition of the tropopause (WMO, 1996) . the tropopause height. Around one third of the supersaturated layers are within 1 km of the tropopause for temperatures below −35 • C.
Comparison to other studies of radiosonde data
Observations from radiosondes suggest that the distribution of RHi in ice-supersaturated layers follows an almost exponential distribution, indicating that the underlying processes, which cause this functional dependence, act in a statistically independent manner. This was reported in the analysis of humidity data from MOZAIC (Gierens et al., 1999) , MLS (Spichtinger et al., 2002) , radiosondes at Lindenberg , and TOVS data (Gierens et al., 2004) . We find that the Ny-Ålesund RHi data in excess of 100% also follow an exponential distribution for the upper troposphere. In Fig. 7 , we depict the (non-normalized) frequency distributions of the relative humidity over ice N(RHi). While not overly sensitive to the altitude range, we have limited the altitude range above 4 km height to be consistent with earlier studies. However, the features remain the same if we include the entire altitude range. In addition, since we observe that supersaturated layers show a strong seasonal behaviour (Fig. 7) , we determined the frequency distribution for three time periods (autumn/winter = October-February, spring = March-May and summer = June-September). These subsets were chosen to cover the dark part of the year, and to follow other studies, which showed large changes in the aerosol characteristics for the Table 2 . Exponents b for the frequency distribution law ln[N(k)]=a−b * k as obtained from straight fitting to the distribution of relative humidity with respect to ice, RHi, shown in Fig. 7 . The standard deviation σ b for the determined values b is given in brackets. Values have been multiplied by 100 for easier reading. For altitudes above 4 km, the data base was divided into two sets, one where the humidity was at and above ice saturation (ice-supersaturation layers -ISS) and one were the humidity was below ice saturation (non ice-supersaturation layers -Non-ISS). Analysis based on 200-m-profiles. Autumn/winter (October-February); spring (March-May) and summer (June-September). We note that a performed Kolmogorov-Smirnov test showed a significant differences between spring (summer) and winter distribution but no significant difference between spring and summer distribution.
Fit range
Temperature Arctic troposphere between May and June (Ström et al., 2003a; Treffeisen et al., 2006) . The single RHi values are binned into 150 1% wide classes (numbered from 0-149), where the last class (149) contains all data with RHi≥149%.
The seasonal curves show similar behaviour (Fig. 7) . Each curve is relatively smooth below 100% RHi but reaches a small maximum near 100%. Gierens et al. (2004) interpreted the existence of the local maximum, or bulge, around 100% RHi to be a product of cloud processes. Above 100%, the frequency of occurrence of ice-supersaturation levels decreases exponentially in all seasons. The steepness of the exponential curve and location of the maximum, show seasonal dependence (Fig. 7) . All distributions follow the same structure, approximately uniform below ice saturation and decreasing geometrically above (i.e. with the probability density function P RHi (k)=q k (1−q); kε{0, 1, 2, . . .} as described by Gierens (1999) ). The exponents b=− ln q for distributions RHi have been computed for the range 20%≤RHi≤80% and 110%≤RHi≤150%, respectively, using a straight line fit to the function ln(N(k))=a−b * k (Table 2 ). For the supersaturated part the exponents range from 0.079 for all data to 0.12 in summer. The result of the previous subsection can be used to infer the mean ice-supersaturation knowing that the expected value of a modified geometric distribution is q/(1−q)=e −b /(1−e −b ), therewith the mean icesupersaturation above 4 km altitude amounts to 12% on average, with seasonal variations in winter of 11%, in spring of 14% and summer of 8%. Recent studies indicate that homogeneous freezing requires supersaturation around 145% (e.g. Haag et al., 2003, and Ström et al., 2003b) .
These results may be compared with those of Spichtinger et al. (2003) , who applied a similar analysis to one year's radiosonde data from Lindenberg, and observed a much steeper exponent value of 0.21. Also relevant for the present study are results of Gierens et al. (1999) , based on three years of data obtained from MOZAIC (b=0.058), and from Spichtinger et al. (2002) who obtained b=0.051 from MSL data. As the authors do not separate data into seasons, our value for the entire data set above 4 km altitude of b=0.079 agrees rather well with these published results; however, their results are averaged over large geographical regions and are not immediately comparable with a single station, as Ny-Ålesund. We note that the summer distribution is different from the other seasons. A similar seasonal pattern in RHi distribution was reported by Vaughan et al. (2005) for mid-latitude upper tropospheric radiosonde data from Wales. Due to the measurement uncertainty of ±10% it is not possible to distinguish whether the local maxima of the distributions are located above or below ice saturation (Fig. 7) . We also note that the observed bulge is less pronounced in spring compared to the other periods. It is possible that dynamic processes suppress the build-up of high supersaturation in summer or that differences in cloud processes create the observed seasonal differences. For altitudes above 4 km, data was divided into two data sets, one where the humidity was at or above ice saturation and one where the humidity was below ice saturation. For these subsets we calculated the mean temperature and 98% (2%) percentile values (see Table 2 ). Mean temperatures in ice-supersaturated layers tend to be lower (3 K) than in non ice-supersaturated layers. The colder air in icesupersaturated layers suggests that uplifting of airmasses is one major source of ice-supersaturation layers as discussed by Gierens et al. (1999) in connection to MOZAIC data. The flight data is different from the radiosonde data as aircraft measurements are made on a specific pressure level and the sounding data provides information in the vertical. Another possible origin of ice-supersaturation in the troposphere might be advection of moisture leading to variations in absolute water vapour content. We have determined mean and standard deviation of the water vapour content. The results are displayed in Table 2 . The standard deviations are comparable, or larger than the mean values. The derived mean values show that water vapour content is considerably larger in ice-supersaturation layers than in non ice-supersaturation layers. The lowest values of water vapour content for ice-supersaturation layers and non icesupersaturation layers are reached in autumn/winter. The ratio between the two layer types is highest in autumn/winter with 2.1 and lowest in summer with 1.4. The general evolution of the water vapour content in the Arctic atmosphere over Ny-Ålesund can also be seen in Fig. 5 . Therefore, we believe that moisture advection plays an important role in the formation of ice-supersaturated regions.
Vertical and seasonal variation extent of icesupersaturation layers
The profiles of RH measurements allow us to investigate the vertical extent of the ice-supersaturation layers. This is related to the potential thickness of clouds, even though a large amount of the higher supersaturations probably occurs in clear air. Of special interest is the cloud's ability to reflect sunlight and thus influence the radiative balance and this depends on the cloud's thickness. Spichtinger et al. (2004) discussed the differences in the bulge signature in frequency distributions of the relative humidity over ice as possibly related to different cloud thickness. To be able to compare our results to Spichtinger et al. (2004) , we restrict our data base to layers above 4 km height. In order to derive the vertical extent of ice-supersaturation for each single sounding profile, we combined all adjacent 200 m ice-supersaturation layers into one single layer. Each such layer is then characterised by the altitude of its lower and upper boundary, its depth (layer thickness) as well as its mid-layer temperature. The mean layer thickness reaches its minimum of ∼0.7 km in summer (Fig. 8a) increasing by ∼50% in winter. Figure 8b shows the mean layer thickness as a function of mid layer temperature. The maximum layer thickness is reached at temperatures around −45 • C. Indeed, approximately 70% of the adjacent ice-supersaturated layers have a mid-layer temperature below −40 • C. Lidar measurements by Goldfarb et al. (2001) in France and Cadet et al. (2003) in Reunion determined an average cloud layer thickness for cirrus of approximately 1.4 km±1.3 and a markedly thinner cloud layer thickness for subvisible clouds between 0.4 and 0.8 km. In light of this, we were interested in how the thickness of the ice-supersaturation layers develops from month to month at our site. To do this, we divided the layer thickness in different ranges as depicted in Fig. 8c . One interesting difference is the summertime increase of thin layers with a thickness of up to 400 m and the decrease of layers thicker than 1.5 km. The number of layers between 0.4 and 1.5 km is relatively constant during the year. With our data set, we are not able to determine what causes these seasonal differences. Figure 8d demonstrates the evolution of the monthly averaged RHi obtained in the ice-supersaturation layers and of the corresponding water vapour content. The shape of the two curves strongly suggests an anticorrelation between the parameters.
A method to get more detailed information on the vertical extent of these layers was described by . Using a statistical approach described by Berton (2000) to analyse ice-supersaturation layers, they showed that the thickness of ice-supersaturation layers over Lindenberg followed a Weibull distribution with different slopes for shallow and thicker layers. They also determined that the transition between the two regimes occurred around 1 km thickness. We performed a similar analysis for our data set and found the transition occurred at a thickness around 2 km. The deeper layers are most likely cirrus clouds. The slope of the line in this part is 0.9. For visible cirrus, the corresponding shape parameter is around 1 (Berton, 2000; Spichtinger et al., 2003) . Layers less thick than 2 km probably contain data from true ice-supersaturation layers and perhaps sub-visible cirrus. The slope for these thinner layers is around 0.5. Almost 90% of the layers are thinner than 2 km. As not only layer thickness but also the available cloud water content is important for determining cloud characteristics, this can only act as a first step in the analysis of the ice-supersaturation layers. This needs further investigation, especially coupling the RHi data with remote sensing data obtained from Ny-Ålesund, such as micropulse lidar or ceilometer in order to get more insight in the layer characteristics.
Combining ice-supersaturation layers and subvisible clouds detected by SAGE II
We have studied the relation between ice-supersaturated layers and subvisible clouds (SVC) by looking at data from the Stratospheric Aerosol and Gas Experiment II (SAGE II) satellite. Gierens et al. (2000) showed an association between ice-saturated regions with SAGE II SVC. SAGE II aerosol products provide the opportunity of investigating the occurrence of SVC in the Arctic on a statistical basis. Ideally one would like to correlate the occurrence of SVC and the existence of ice-supersaturation on a case by case basis. Unfortunately, this is not practicable with the SAGE data. Single events cannot be used here because it is rather rare that SAGE measurements and the radio soundings are concurrent. Thus, we decided to compare the data on a monthly basis for all data available north of 60 • and averaged the sounding results to the altitude resolution of SAGE II. The approach of analysing monthly averaged SAGE data has already been used to derive principal aerosol characteristics in the upper Arctic troposphere (Treffeisen et al., 2006) .
The SVC from SAGE II are most often detected around the tropopause height. Approximately 80% of the detected SVC are located within 3 km of the tropopause. The vertical distribution of SVC detected by SAGE is presented for the spring and summer in Fig. 9 , together with the frequency of occurrence of ice-supersaturated layers. The peak of occurrence of SVC is pronounced in both periods showing a maximum of about 24% in March to April compared to 15% in summer, whereas the location of the maximum is shifted only slightly from 8.5 km in spring to 9 km in summer for the SAGE II measurements. The general similarity between the altitude distributions is very good. Where the frequency of occurrence of ice-supersaturation is high, the occurrence of SVC is also high, and visa versa. Restricting ice-supersaturation layers to temperatures below −40 • C increases the agreement for the lower altitude ranges. These results suggest that a significant fraction of the sonde-observed ice supersaturation layers are most probably attributable to subvisible clouds. A statistical analysis of cloud occurrence performed on 11 months of data from Ny-Ålesund showed 5% of clouds to be in the altitude range from 6 to 12 km on average and thicker clouds in summer than in winter time (Shiobara et. al, 2003) . Future studies should directly compare cloud measurements with the obtained ice-supersaturation layers. Considering the large temporal and vertical variability, the agreement between SAGE II SVC and ice-supersaturated layers from radiosondes is very good. The differences in location and height of the maximum in spring (Fig. 9 ) might be due to processes that decouple SVC from ice-supersaturation layers and ice-supersaturation alone does not produce a unique spectral signature in the SAGE II data. Differences can also result from the large spatial coverage of the SAGE II satellite, compared to the point measurement with the radiosonde, and the quality of the SAGE II cloud measurements, which can be affected by aerosol-cloud mixture, fractional cloud coverage of the viewing window and fractional cloud distribution along the viewing window and viewing path (Wang et al., 1995) .
Conclusions
We analysed a unique high latitude data set of tropospheric humidity profiles measured with standard radiosondes at NyAlesund (78 • 55 ′ N 11 • 52 ′ E) during the period from 1991 to 2006. The sounding data were corrected using previously published algorithms. Despite the extensive corrections, there is still an uncertainty associated with the difficulties of radiosonde RH measurements at low temperatures and we were not able to lower the realistic error below ±10% RH. The corrected data were used to determine the main characteristics of the tropospheric relative humidity distribution in the vicinity of Ny-Ålesund. It is clear from the radiosondes that supersaturation with respect to ice is observed throughout the year. It indicates that supersaturation over ice is a frequent condition in the Arctic middle and upper troposphere, particularly during autumn/winter. The frequency of occurrence of ice-supersaturation levels decreases exponentially with the magnitude of ice-supersaturation and is in good agreement with other studies. The mean frequency of occurrence of ice-supersaturation layers follows a clear seasonal variation with a value of 19% in winter, 12% in spring and 9% in summer. The ice-supersaturation occurs mostly in a broad band between 6 and 9 km in winter and undergoes a shifting towards higher altitudes in summer. The altitude distribution of ice-supersatured layers over Ny-Ålesund is generally similar to that of subvisible clouds from the SAGE II experiment and thus confirms the existence of SVC in the Arctic atmosphere. While one might expect the soundings to observe different frequencies from SAGE II, owing to the different sampling volumes (the SAGE II instrument samples horizontal distances of ∼200 km), our results show that there is a strong positive correlation between both independent observations, which indicates that ice-supersaturated layers associated with sub-visible cirrus are likely to be a wide spread phenomenon over the Arctic. This brings attention to the important subject of the SVC influence on the radiative budget in the Arctic, which is currently unexplored.
This study focused on a general first description of the ice-supersaturation layers over Ny-Ålesund. Continuation of this work will attempt to compare these results directly to ground-based Lidar systems and CALIPSO satellite data. This can give us information on the internal structure of the layers and will help us to understand cloud formation processes.
